Abstract: Specific rates of solvolysis in hydroxylic solvents available for the solvolysis of 2-thiophenesulfonyl chloride and phenylmethanesulfonyl chloride are supplemented by determining the values in fluoroalcohol-containing solvents. The data sets are then correlated using the extended Grunwald-Winstein equation. For both substrates, it is found that a single correlation controls the influence of solvent over the full range of solvent composition. The sensitivities to solvent nucleophilicity and solvent ionizing power are compared to values available for other substrates. Three of these previous studies are upgraded by the incorporation of additional specific rate values from the recent literature. With a methyl, isopropyl, benzyl, aromatic or heteroaromatic group as the R group of RSO 2 Cl, a concerted S N 2 mechanism is proposed for the solvolysis.
Introduction
The mechanism of solvolysis of sulfonyl halides has been the subject of several reports and reviews. For arenesulfonyl chlorides and alkanesulfonyl chlorides other than tertiary, a bimolecular nucleophilic substitution, believed to be concerted, is usually the dominant pathway [1, 2]. The tertiary alkanesulfonyl chloride, 2-methyl-2-propanesulfonyl chloride, undergoes a solvolysis-decomposition reaction, with extrusion of SO 2 and formation of tert-butyl chloride, 2-methyl propene, and the substitution products expected to be formed via the tert-butyl cation [2, 3] . In the presence of an α-hydrogen, substitution products can also be formed by an initial elimination reaction to give the sulfene followed by addition of solvent to the highly reactive intermediate. This pathway is especially favored after the addition of a tertiary amine but, with electron-withdrawing substituents also on the α-carbon (trifluoromethyl [4] ; chlorine [5] , etc.), it can be observed under solvolytic conditions [1, 2, 6] .
Sulfonyl chlorides find extensive use in the development of new pharmaceuticals. For example, they have been reacted with a wide variety of amines to give biologically active sulfonamides. Recently, 2-thiophenesulfonyl chloride (1) has been found to be a useful reagent in these development projects. A literature search revealed 50 hits for 1 in this area for the year 2007, the majority of them involving patents. Potentially important uses included the development of protein farnesyltranferase (FTase) inhibitors (FTIs) for use as antimalarials [7] and of inhibitors of NS5B polymerase to target the hepatitis C virus [8] .
The establishment of a mechanism for the formation of derivatives of 1 by the attack of a nucleophilic species will be helpful in the selection of the optimum reaction conditions. Solvolysis reactions can provide valuable information about the mechanism. One approach [9] [10] [11] [12] is to study the influence of solvent variation upon the specific rates of solvolysis, using the extended GrunwaldWinstein equation (equation 1).
In equation 1, k, and k o are the specific rates (first-order rate coefficients) for solvolysis in a given solvent and in the standard solvent (80% ethanol), respectively, ℓ, represents the sensitivity to changes in solvent nucleophilicity (N T ), m represents the sensitivity to changes in solvent ionizing power (Y Cl , for a chloride-ion leaving group), and c is a constant (residual) term.
The specific rates of solvolysis of 1 have been determined previously in several pure and binary solvents [13] but this study did not include any fluoroalcohol-containing solvents. Such solvents are highly recommended for treatments involving equation 1, because the interrelationship of N T and Y Cl is very different to that observed with variation of the composition of binary mixtures of water with conventional alcohols. Prior to carrying out correlations of earlier data using equation 1, we have expanded the range of solvents for which data are available by measuring the specific rates in fluoroalcohol-containing solvents.
In studies aimed at finding the types of alkanesulfonyl chlorides for which reaction via sulfene formation can effectively compete with a direct substitution process, King and Durst [14] studied the solvolysis of phenylmethanesulfonyl chloride (2) under both neutral and basic conditions. They found that hydrogen-deuterium exchange via PhCD=SO 2 accompanied the hydrolysis of PhCD 2 SO 2 Cl under basic conditions but not under neutral conditions, where PhCD 2 SO 3 H was the product. We have applied equation 1 to the solvolysis of 2 in a wide variety of solvents to see if any unusual effects are observed for solvolysis of sulfonyl chlorides approaching the border at which direct replacement converts to the indirect elimination-addition replacement route. As with solvolysis of 1, literature values [15] are supplemented, so as to give a better mix of solvents for the application of equation 1.
Results and Discussion
The solvolysis can be represented as in Scheme 1. Under the titration conditions, the sulfonic acid R = 2-thiophene (1) R = phenylmethyl (2) Scheme 1 product and the hydrochloric acid are both strong acids towards the sodium methoxide base. For the additional specific rates of solvolysis of 2-thiophenesulfonyl chloride (1), three values in aqueous 2,2,2-trifluoroethanol (TFE) and three values in aqueous 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), together with a value in 80% ethanol were measured at 45.0 o C and, at 25.0 o C, five values in fluoroalcohol containing solvents were obtained and combined with the 29 literature value [15] reported for methanol, ethanol, and binary mixtures of water with methanol, ethanol, and acetone. The new values are reported in Table 1 , together with the N T [11] and Y Cl [16] [17] [18] Table 3 . It should be pointed out that seven data points are not really sufficient for a two-term correlation of this type and this is reflected in the low F-test value for this correlation. The reported specific rate for hydrolysis in 100% water of 53.2 X 10 -5 s -1 [15] is in good agreement with an independent value of 47.8 X 10 -5 s -1 [19] , indicating the precision involved in the earlier determinations. Specific rates of solvolysis of 2 were determined at 45.0 o C in 12 fluoroalcohol-containing solvents and in methanol, ethanol, 90% ethanol, and 80% ethanol. These values are reported in Table 2 , together with the N T and Y Cl values for the solvents and values for the ratio of the specific rates relative to those previously reported [20, 21] Table 2 ) have been used in carrying out the correlations reported in Table 3 . Recently, specific rate values have been reported [22] for the solvolyses of 3,4-dimethoxybenzenesulfonyl chloride (4) in methanol, ethanol, and several binary water-organic solvent mixtures, including six TFE-water mixtures. Although 42 data points were available, Figure 2 of the publication indicated that only 19 were used in arriving values of 1.12 for ℓ and 0.58 for m. We have carried out the correlation using all 42 specific rate values reported and the results of this correlation are also reported in Table 3 . [25] . Recently specific rate of solvolysis values have become available [26] for both substrates in 97% TFE. Incorporation of the values, as extrapolated to 25.0 o C, considerably improves the data sets and updated sensitivities and goodness-of-fit parameters are reported in Table 3 . The presence of six specific rate values in TFE-H 2 O mixtures for the solvolysis of 4, leads to a considerably improved set of data for use in the correlation. The observation that not only the ℓ and m values but also the goodness-of-fit parameters are extremely similar for the solvolyses of 4, 5, and 6 (Table 3) indicates that the analyses of the solvolyses of variously substituted benzenesulfonyl chlorides in terms of equation 1 are very robust. (Table 3) . The ℓ/m ratio was, however, essentially identical for the four aromatic sulfonyl chlorides. The ratios, reported in Table 3 , are in a narrow range of 1.78 to 2.05. The correlation at 45.0 o C had only seven data points, less than the recommended number for a two-term correlation, but it gave ℓ and m values in reasonable agreement with those from the correlations with considerably more data points, again indicating the correlation to be robust. An important observation was made by King, Lam, and Skonieczny [27] , who found that the specific rates of hydrolysis of a series of alkanesulfonyl chlorides in 100% H 2 In the presence of two alkyl groups on the α-carbon (R = (CH 3 ) 2 CH and CH 3 CH 2 CHCH 3 ), the specific rates fell to 0.37 X 10 -4 and 0.35 X 10 -4 , a modest decrease ascribed to a steric effect. As mentioned earlier, when R = (CH 3 ) 3 C fragmentation accompanies the solvolysis with substitution and elimination products formed by product-determining reaction of the tert-butyl cation [2, 3] . The small rate variation over a wide variety of primary and secondary alkyl groups within the alkanesulfonyl choride suggests that the hydrolyses are proceeding by a mechanism with little charge development at the sulfur; a situation which can best be rationalized in terms of a nearly synchronous process of bond making and breaking.
Since the 2-methyl-2-propanesulfonyl chloride, containing the tert-butyl group, proceeds by a solvolysis-decomposition pathway, the same would be expected for other sulfonyl chlorides which can generate a relatively stable carbocation. We have previously shown [20] that 2-propanesulfonyl chloride (3), containing the secondary isopropyl group, solvolyzes over the full range of solvents with adherence to equation 1 and with ℓ and m values essentially identical (Table 3) to those for arenesulfonyl chlorides, methanesulfonyl chloride, and N,N-dimethylsulfamoyl chloride. Also the ℓ/m ratio of 2.00 is within the rather narrow range observed for these substrates and the hydrolysis rate, as mentioned above, is only slightly less than for a wide range of alkanesulfonyl chlorides containing a primary alkyl group. One of the primary alkyl groups of the study was phenylmethanesulfonyl chloride (2), suggesting that its hydrolysis, as least, proceeds by bimolecular attack at sulfur. This would indeed be not surprising since as a general approximation, it is usually assumed [28] that two methyl groups on the α-carbon (as in 3) assist the formation of the carbocation to approximately the same extent as one phenyl group (as in 2). This is supported by the observation that for all the solvents examined in the present study the k(2)/k(3) specific-rate ratios are in the range of 5-12, except for higher values in 70-90% HFIP. A correlation using equation 1, showed that the modest variations in the specific-rate ratios are accompanied by lower values for both ℓ and m. The points for the TFE-EtOH mixtures on the plots, as is often (but not always) the case [29] , fall below the plot and the correlation is improved by their omission from the correlation. Such a correlation (Figure 2 ), for 25 solvents, leads to values for ℓ and m of 0.80 and 0.39, respectively. The low sensitivity values cannot result from reaction involving solvent attack at the α-hydrogens (sulfene-intermediate mechanism) because it has been shown [27] , by deuterium labeling, that hydrogen exchange during hydrolysis occurs only in appreciably basic solution. The ℓ/m ratio of 2.05 is of a typical magnitude for reactions proceeding by S N 2 attack at sulfur and the sensitivity values are probably best rationalized in terms of the operation of such a process, but with a somewhat earlier transition state. Methanesulfonyl chloride has a ℓ/m ratio of 2.39 [30] .
Conclusions
The specific rates of solvolysis of the heteroaromatic sulfonyl chloride (1), when correlated against N T and Y Cl using the extended Grunwald-Winstein equation for all 34 available solvents at 25.0 o C, lead to ℓ and m values which are slightly higher than those obtained for solvolysis of 4 and for two earlier correlations of para-substituted benzenesulfonyl chlorides (Table 3 ). The goodness-of-fit parameters include a multiple correlation coefficient of 0.983 and an F-test value of 455, very high values considering that the N T values, established for attack at carbon, are here being applied to a nucleophilic attack by the solvent at sulfur. The solvolyses of phenylmethanesulfonyl chloride (2) are of interest in that hydrolysis under basic conditions has previously shown to exhibit a dominant pathway involving elimination-addition rather than the direct substitution observed under neutral conditions [27] . Since the benzyl cation is resonance stabilized, one must consider the possibility of a component from the solvolysisdecomposition pathway, which was shown to be dominant for 2-methyl-2-propanesulfonyl chloride hydrolysis [3] . However, consistent with a lack of deuterium exchange under neutral conditions and with the correlation showing typical ℓ and m values over the full range of solvents for solvolyses of 2-propanesulfonyl chloride [20] , the specific rates of solvolysis of 2 can be correlated by equation 1 over the full range of solvents, except that the data points for TFE-ethanol solvents fall below the correlation line (Figure 2) , as is often the case [29] . The ℓ and m values (0.80 and 0.39, respectively) are low for the correlation of a sulfonyl chloride but the ℓ/m ratio of 2.05 is similar to those for other sulfonyl chlorides, including a value of 1.93 for 1. A recent report of specific rates of solvolysis for pmethyl (5) and p-methoxy-(6) benzenesulfonyl chlorides in 97% TFE [26] allows the correlation in terms of equation 1 to be considerably improved.
It is possible to rationalize the close to "constant" ℓ/m ratios, despite more pronounced variation in the values of ℓ and m themselves, in terms of the variation in the position of the transition state along the reaction coordinate for an S N 2 nucleophilic substitution at sulfur.
Experimental Section
The 2-thiophenesulfonyl chloride (Aldrich, 96%) and phenylmethanesulfonyl chloride (Aldrich, α-toluenesulfonyl chloride, 98%) were used as received. Solvents were purified and the kinetic runs carried out as described previously [31] . A substrate concentration of approximately 0.004 M was employed.
The calculation of the specific rates of solvolysis used infinity titers which were calculated using a modified treatment [32] based on the Guggenheim method [33] . For the faster reactions, experimental values for the infinity titer could be obtained and these were in good agreement with the estimated values. The infinity titers were then incorporated into the calculation of a series of integrated rate coefficients for each run. The specific rates and their associated standard deviations, as presented in Tables 1 and 2 , are obtained by averaging the values from, at least, duplicate runs.
